Fungal endophytes have been shown to improve abiotic and biotic stress response in plants. Grasses growing along the Oregon coast are exposed to harsh conditions and may harbor endophytes that enable them to survive and grow under these conditions. Endophytic fungi were isolated from thirty-four grass plants representing eight different grass species at four different locations along the Oregon coast. The ITS-1, 5.8S, and ITS-2 regions of each isolate were amplified, sequenced, and used to perform a BLAST search against the nucleotide database collection at National Center for Biotechnology Information. One-hundred-eleven different fungal isolates were classified into thirtynine genera with two isolates that did not show a match greater than 95%. These endophytes will be investigated to determine their potential for improving the adaptability of grasses and other crop plants to grow in diverse environments where they are subjected to multiple biotic and abiotic stresses.
Introduction
It is estimated that the human population will reach nine billion by 2050. This population increase combined with climate change will require an increase in food production under less than optimal conditions. In the midlate 20th century, the "Green Revolution" was the result of breeding efforts aimed at improved crop cultivars, the introduction of hybrids, and increased agricultural inputs in terms of fertilizer, pesticides, water, herbicides identification of fungal endophytes from various grasses growing in sandy soils and exposed to ocean spray and mist along the Oregon coast.
Materials and Methods

Sample Collection and Fungal Isolation
Samples (root crown, leaves, and stems) were collected from grasses growing in areas exposed to ocean spray, mists and tides along the Oregon coast. Grasses were collected from sites near Harbor Vista (Lat/Long 44.021629 -124.133127), Coos Bay (Lat/Long 43.366501 -124.217888), Bob Creek Wayside (Lat/Long 44.244493 -124.111582), and Yachats (Lat/Long 44.3105 -124.103976) ( Table 1) . Grass species that are present in the Willamette Valley were preferentially selected. At each site, attempts were made to collect different grass species, and within each species, 1-3 individuals were collected from different locations within each site.
Samples were stored in plastic bags in a cooler with ice during collection and refrigerated until processing for endophyte isolation. All samples were processed within 48 h of collection. Samples were rinsed with water to remove soil and debris, swirled in a beaker containing distilled water and two drops of Tween 20/100 ml, and rinsed again prior to cutting the tissue. Any dead plant tissue and most of the roots were removed from the plant, and the remaining plant was dissected into tissues corresponding to the root crown (1 -1.5 cm), leaves (4 -6 cm in length), and stems (4 -6 cm in length) prior to surface sterilization. After plant tissues were visibly clean, the tissues were rinsed in tap deionized water and then placed between damp paper towels to prevent them from drying out until tissues were sterilized prior to plating for fungal isolation. Stems and root crowns were surface sterilized by placing the tissue in 90% ethanol for 1 min, 3% sodium hypochlorite (from bleach) with 2 drops of Tween-20/100 ml for 3 min, sterile double distilled water (DDW) for 1 min, 70% ethanol for 1 min, and a quick Plates were incubated at room temperature and examined for emerging fungi every 2 -3 days. As fungi emerged, they were transferred to PDA plates to obtain pure cultures. Prior to initial plating, several samples were imprinted onto media and these imprinted plates were monitored for lack of fungal growth to ensure the effectiveness of the sterilization technique [44] .
DNA Extraction and ITS Sequencing
DNA was extracted from pure cultures following the simple miniprep method of Saitoh et al. [45] . A piece of mycelia about the size of a half dime was removed from the plate and placed into 500 μl of Lysis Buffer (200 mM Tris, 50 mM EDTA, 200 mM NaCl, 1% N-lauroylsarcosine-Na salt, pH 8.0). The tissue was lightly homogenized using disposable pestles. Samples were allowed to sit for approximately an hour at room temperature to allow for processing of multiple samples at a time. Samples were centrifuged for 5 min at max speed in an Eppendorf 5417C centrifuge. Approximately 300 μl of supernatant was removed to a new tube containing 750 μl of 100% ethanol. Samples were vortexed gently and stored at −20˚C overnight. Samples were centrifuged for 5 min at 13,000 ×g, the supernatant decanted, and the pellet was washed with 70% ethanol. The pellet was suspended in 100 μl of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). The rDNA ITS region was amplified by PCR with primers ITS5 (GGAAGTAAAAGTCGTAACAAGG) and ITS4 (TCCTCCGCTTATTGATATGC) [46] . The amplicons include the ITS1, 5.8S and ITS2 region of rDNA and most amplicons were ~500-650 base pairs in length. 
Testing for Antibacterial Activity of Select Samples
A representative sample from each clade of the phylogenetic tree from the Megablast search results was tested for antibiotic production. Fungi were grown on plates without any antibiotics for 7 -14 days. Bacteria (Frigoribacterium [Frig] and Bacillus, also collected from coastal grasses) were grown overnight in LB media, diluted 1:20 in LB, and then spread as a lawn on LB/PDA agar plates (500 mls; 2.5 g peptone, 1.25 g yeast extract, 2.5 g NaCl, 3 .75 g agar, pH 6.5). A cork borer was used to remove 3 plugs (~7 mm in diameter) from each plate. A comparable sized plug of the fungus to be tested for antibiotic activity was placed into two of the bacterial plate holes and a negative media plug (no fungus) was placed in the third hole. Bacteria were allowed to grow for 24 -48 h and then the plate was examined for the presence of zones of bacterial growth inhibition next to the fungal plug.
Results and Discussion
Thirty-four different plant samples were collected from various sites along the Oregon coast; four from Coos Bay, 14 from Harbor Vista, nine from Bob Creek Wayside, and seven from Yachats ( Table 1) . Only plants that were exposed to ocean spray, mist and tidal water were collected for this experiment. Each plant was divided into root crown, stem and leaf; surface sterilized, and then cut into ~0.5 cm pieces and cultured on PDA and CMMY agar plates. Lack of fungal growth on tissue imprint plates indicated that the sterilization technique was sufficient to remove epiphytic fungi. It is possible that the sterilization was too harsh, and that more isolates could have been obtained with a less harsh method of sterilization. A total of 140 fungi were isolated from 34 different plants. After duplicate isolates (based on the ITS sequence, plant isolate number and culture morphology) from each individual plant segment (same fungi on the different media and from leaf, stem or root crown of the same plant) were eliminated, there were 111 different isolates remaining. Further elimination of identical isolates from within the same plant (same isolate found in either the root crown, stem and/or leaf) resulted in 107 distinct isolates from all plant samples at all locations. Based on the ITS sequence and culture morphology, the fungal isolates were classified into thirty-nine different genera, and two additional isolates designated as "unknown fungi" with sequences that did not have any BLAST hits with greater than 95% identity.
The distribution of the fungal isolates at different locations is listed in Table 2 . Some isolates are listed under a broader classification rather than a specific genera (Ascomycete sp., Hypocreales sp., Mucorales sp.) and in these cases the top BLAST hits were not associated with a genus, but were simply classified as belonging to the indicated group. Some species, such as Fusarium and Ascomycota sp., were found at all locations, while many genera were only isolated from plants at one of the locations (see Table 2 , gray highlighted samples). Overall, two to three fungi were isolated from each plant at Bob Creek Wayside and Harbor Vista. Interestingly, while fewer plants were collected at Coos Bay, the plants that were collected averaged more fungal isolates per plant (~5.5) ( Table 2 ) than plants from other areas (~2.5 -4.1 isolates/plant). The Coos Bay site was more remote and there were no cultivated grasses growing in close proximity to the collection site. This was not the case at Bob Creek Wayside and Yachats, and in these areas some samples could have been escapes from cultivated grasses. This could potentially affect the types of endophytes and grasses isolated from each area.
The distribution of fungal isolates in the different grass species is presented in Table 3 . While only one Deschampsia specimen was collected, this plant had the greatest number of fungal isolates associated with it. Hordeum and Amophilia also had slightly greater than average number of isolates, while only one fungal isolate was isolated from Lolium. Fungal isolates from both the Clavicipitaceous and the nonclavicipitaceous groups were isolated from these grass species (Table 3) . Interestingly, clavicipitaceous fungi were isolated from Festuca sp. at Harbor Vista (Cf. Acremonium sp. and Neotyphodium sp.) and at Bob Creek Wayside (Epichloe sp.), but were not found in other grass species or at the other locations. There were 18 additional fungal isolates from the order Hypocreales, including multiple isolates most closely aligned to Fusarium, Sarocladium, and Septoriella from several grass species (Table 3 ) and individual isolates most closely related to Beauveria (from Amophilia sp.), Chaunopycnis (from Hordeum sp.), Isaria (from Bromus), and Trichoderma (from Amophilia). There were 32 different isolates from the order Pleosporales with eight isolates of Phaeosphaeria and seven of Stemphylium, five of Alternaria, three of Phoma and one or two of Drechslera, Embellisia, Paraphaeosphaeria, Pleospora and Saccharicola. Representatives of the Dothideales order were found at all locations and included two Aureobasidium sp. and five Pseudoseptoria isolates. A few fungi closely related to members of the order Heliotales (Helgardia and Articulospora) and Mucorales (Umbelopsis and Mucorales sp.) were also isolated from Festuca. Overall, fungal isolates collected were placed into five different orders based on their ITS sequences. A complete list of all unique isolates and the corresponding accession number for the top hit used to identify each isolate from the NCBI BLAST results can be found in Table 4 .
Antibacterial Activity of Select Samples
Fungal endophytes are known to produce many secondary metabolites, some with antimicrobial activity (reviewed in [49] ). The ITS sequence from isolates in this study were subjected to a targeted MOLE-BLAST search against "Internal transcribed spacer region [ITS] from fungi type and reference material" and the isolates were separated into 19 different loci (data not shown). At least one representative fungi from each loci was chosen to examine its potential for inhibiting bacterial growth of two bacteria, Frig and Bacillus sp., which were also isolated from grass species from this study. Preliminary results using fungal plug inhibition of bacterial growth revealed inhibition by representatives of Penicillium sp. . Penicillium species were initially included in the study as a potential positive control for the assay, because it is the source of the common antibiotic penicillin, and was expected to be positive. Another isolate obtained from Festuca at Harbor Vista was also able to inhibit growth of Frig and Bacillus and based on the ITS sequence, this isolate was most closely related to a species of Phaeosphaeria. Interestingly, antibacterial activity of phaeosphenone, a compound isolated from Phaeosphaeria, has been previously reported [50] . Phlebia sp., which was isolated from Bromus growing at Bob Creek Wayside, was also able to inhibit the growth of these bacteria. Phlebia species produce several merulinic acids which show antimicrobial activity to multiple bacterial species [51] . Heterobasidion sp. are probably most recognized as the causal agent of rot in forest trees, however Heterobasidion has also been isolated as an endophyte in chili pepper [52] . An isolate from Bromus sp. at Harbor Vista was identified as Heterobasidion sp. based on the IT sequence homology and was shown to inhibit bacterial growth of Bacillus and Frig. Antibiosis has previously been associated with secondary metabolites of Heterobasidion annosum [53] . Another fungus, Exophiala pisciphila (which was later identified as Aureobasidium pullulans) produces exophilin A, which has antimicrobial activity against gram positive bacteria [54] . More recent studies have focused on novel types of antibacterial liamocins from various strains of Aureobasidium pullulans grown on different types of growth media and their antibacterial activity [55] . A fungal species isolated from Bromus sp. in Yachats, which based on ITS sequence was most closely related to Aureobasidium sp., inhibited growth of Bacillus and Frig in our studies. Several other isolates were tested, but they showed little or no inhibition of bacterial growth. The antibiosis observed in selected isolates indicates that these endophytes may be a source for other valuable secondary metabolites.
Potential of Fungal Endophytes Collected in This Study
Fungi can form different types of associations with plants, some beneficial and some harmful. Parasitic, saprophytic and pathogenic fungi can be very deleterious to a plant, while endophytes and mycorrhizal fungi are considered beneficial symbionts which promote plant growth, confer enhanced resistance to various pathogens and pests, and improve survival under unfavorable environmental conditions [4] [5] [25] (reviewed in [56] ). Several endophytes identified in this study have previously been shown to promote plant growth under normal and/or stressed conditions. In endophyte growth promoting studies in switchgrass, six different endophytes, including two genera, Phaeosphaeria pontiformis and Alternaria sp., isolated in our study, increased total biomass of switchgrass seedlings following inoculation. Several other endophytes, including some known crop pathogens isolated from asymptomatic switchgrass plants, decreased biomass when tested in greenhouse conditions [57] . Interestingly, in these switchgrass studies, some species of Alternaria promoted growth while others inhibited growth. Other endophytes isolated in this study belong to genera previously shown to promote plant growth including Fusarium, Cladosporium, Phoma, Aspergillus sp., Chaetomium, Aureobasidium, Exophilia and Trichoderma (reviewed in [58] ). Several other studies have described the isolation of endophytes from plants growing in salt stressed or harsh environments. As mentioned earlier, Fusarium culmorum, isolated from dunegrass growing in coastal habitats, has been shown to be necessary for salt tolerance of this plant [25] [27] . Interestingly, filtrates from Penicillium endophytes isolated from a dune plant (Ixeris repenes) and from a salt marsh plant (Suaeda japonica Makino), both determined to be gibberellin producing fungi, promoted growth when applied to test plants [59] [60] . Fungal endophytes (Cladosporium sp., Penicillium sp., and Pyrenochaeta sp.) isolated from roots of wild barley species growing under shallow, alkaline, salty and dry soil conditions, increased grain yield and shoot biomass of cultivated barley, and interestingly these benefits were more evident when plants were grown under low nutrient conditions [61] . In earlier studies, endophytes from wild barley were shown to be antagonistic to seedborne infections when inoculated onto seeds [62] . Species of Sarocladium have been reported as endophytes in other grass species [63] [64] and as a beneficial endophyte in maize which produces antibiotics inhibitory to Aspergillus flavus and Fusarium verticillioides [65] [66] . However, Sarocladium sp. are also known to cause rice sheath rot disease [67] and wilts in other species.
Schultz et al. [68] described the host/endophyte association as "A balanced antagonism". It is interesting to note that some endophytes may be latent pathogens that could become pathogenic later when the host plant/ fungal association is no longer beneficial to the endophyte, as is the case with an oak endophyte, Discula quercina [69] . Some of the putative fungal endophytes isolated in this study belong to species that are known patho-gens and would not be considered for future studies without eliminating that possibility through further molecular analysis. Future studies will focus on testing these endophytes for their ability to increase abiotic/biotic stress tolerance in grass species. Additional isolation of endophytes from grasses at different times during their growth cycle and from areas more remote to human activity could also be beneficial for expanding this endophyte collection. This endophyte collection will allow us to begin evaluating their potential for increasing agricultural production in a sustainable, environmentally friendly manner.
Conclusion
Grasses provide forage and ecological benefits that contribute significantly to our agricultural, environmental, economic, and social well-being. Grasses are a valuable forage species, but are also becoming more important as buffers for watersheds, habitat for biologically diverse plants and animals, and as sinks for carbon sequestration. Adaptable, high-yield, low-input grass varieties and management strategies are needed to enhance the utility of these grasslands and to meet the goals of improved food and energy security. The Willamette Valley of Oregon produces over 50% of the world's cool season grass seed. The presence of fungal endophytes in grasses has been shown to improve the persistence and productivity of grasses when challenged with abiotic and biotic stresses, but information about the potential for isolating and adapting new endophytes from other grasses to improve rangeland, pasture, turf and bioenergy grasses is limited. The purpose of this study is to identify novel fungal endophytes that are native to Oregon that will allow us to improve grass stress tolerance without using direct genetic modification and without introducing foreign or exotic species into this diverse agricultural production area. The discovery of novel endophytes has the potential to improve yield and persistence, as well as increase the adaptability of these grasses to multiple stresses encountered in end-use environments.
